We evaluated the commutability of a proposed reference material (PRM), with a formulation based on dilution of Certified Reference Material 470 (CRM470), for 24 high-sensitivity C-reactive protein (hsCRP) methods. We also investigated whether calibration by use of PRM was effective in harmonizing results.
In a previous study we demonstrated that a dilution of Certified Reference Material 470 (CRM470) 6 had the precision, linearity, and parallelism characteristics required of a secondary reference material and could be used with high-sensitivity C-reactive protein (hsCRP) methods (1 ) . Before this proposed reference material (PRM) can be used with confidence, its commutability with native human serum must be validated for the methods with which it will be used. In this study, we evaluated commutability by analysis of native clinical samples along with dilutions of the PRM to determine if it was commutable and consequently if calibration using PRM was effective in producing harmonized results.
Commutability is a property of a reference material demonstrated by the closeness of agreement between the relation among the measurement results for a stated quantity in this material, obtained according to 2 given measurement procedures, and the relation obtained among the measurement results for other specified materials (2 ) . In this report, the relationship between 2 measurement procedures that is observed for a set of native clinical samples as the "other specified materials" is compared to the relationship observed for diluted CRM470 as the reference material. If the relationship is the same within stated statistical limits, the diluted CRM470 would be validated to be commutable with native clinical samples for the 2 measurement procedures evaluated. For diluted CRM470 to be useful as a reference material for calibration of routine measurement procedures, the property of commutability would need to be validated among all measurement procedures for which it is to be used (3, 4 ) .
Ideally, commutability is evaluated in the context of a reference measurement procedure that can be used to determine the "true" value for the native clinical samples and for the reference materials. Although some progress has been made, there is currently no reference measurement procedure for CRP (5 ) . Consequently, it is necessary to compare all combinations of routine methods to determine commutability of the PRM with native clinical samples.
We have evaluated the commutability of the PRM from phase 1. Approaches to evaluating commutability that are based on the ratio between 2 methods (6 -9 ) and multivariate statistical approaches (10, 11 ) have been reported. All of these approaches compare the results for reference materials to the dispersion of results for native clinical samples. We compared each method to all of the others by using 2 approaches that can accommodate the large number of method combinations associated with this study. The first method was weighted least-squares polynomial regression (WLS/PR), which does not require a linear relationship between methods and accounts for nonconstant variance across the measurement range. The second was a multivariate technique, correspondence analysis (CA), a descriptive, exploratory technique designed to analyze 2-way and multiway tables containing some measure of correspondence between rows and columns (12 ) . We have also evaluated the ability of PRM to harmonize results from the methods for which it was commutable.
Materials and Methods

PARTICIPANTS
A total of 24 different methods were used by the 21 manufacturers participating in this study; 3 of the participating manufacturers submitted results for 2 different methods. Twenty participants used latex-enhanced immunoturbidimetric methods, 1 used a particleenhanced immunonephlometry method, 2 used lateral-flow immunoassays, and 1 used a time-resolved florescence immunoassay. A list of participating manufacturers can be found in the Supplemental Data file that accompanies the online version of this article at http://www.clinchem.org/content/vol55/issue2.
REFERENCE MATERIALS AND NATIVE CLINICAL SAMPLES
The participants purchased CRM470 from the Institute for Reference Materials and Methods. Participants also purchased a set of 40 individual human serum samples in the frozen state from Solomon Park Research Laboratories. These samples were prepared from previously frozen serum units that were collected according to the Clinical and Laboratory Standards Institute C37-A protocol (13 ) . The samples were prescreened for hsCRP concentration to select a panel of 40 that spanned the clinically important measuring interval of 0.7-3.9 mg/L.
LABORATORY MEASUREMENTS
Participants used the same lots of reagents and calibrators for the entire evaluation, which was conducted in 3 analytical runs performed on 3 days. Except for reconstituted CRM470 sample preparation, all samples and dilutions were thawed or prepared anew each day.
CRM470 was reconstituted and stored according to the Institute for Reference Materials and Methods procedure. A 1:10 dilution of CRM470 was prepared with the method diluent and called PRM. The method diluent was used to prepare 13 aliquots of PRM for analysis. The method diluent was also used to prepare the following dilutions, expressed as the percentage dilution of PRM: 25%, 50%, and 75%. Three aliquots of each dilution of PRM were prepared for analysis. One aliquot of each serum sample was prepared for analysis.
The participants calibrated the method according to the manufacturer instructions, using the manufacturer-recommended calibrators. A new calibration curve was constructed for each run. Runs were completed the same day that the dilutions of CRM470 were prepared. Each preparation (PRM, diluted PRM, native clinical samples, and controls) was analyzed in duplicate. This analysis protocol produced 26 data points for PRM, 6 data points for diluted PRM, and 2 data points for samples and controls per run.
STATISTICAL DESIGN
Statistical power calculations were performed to determine the sample size, number of replicates, and number of runs sufficient to detect a 5% difference between any 2 types of materials or between any 2 routine methods, with P ϭ 0.80 calculated by using a 2-sided 0.05-level test. Although pair-wise comparisons of materials and methods were not of primary interest in this study, the power calculations were performed in this way to assure adequate power for comparing predicted PRM values based on native clinical sample regression equations with average measured PRM values. For these power calculations, a maximum within-assay CV of 4% was assumed for measurement of samples with concentrations between 1.6 and 4.0 mg/L and a maximum within-assay CV of 6% for measurement of samples with concentrations between 0.7 and 1.6 mg/L. These CVs are consistent with the observations we made in phase 1 (1 ) . We found that we would need to analyze 13 samples in 3 runs in the concentration range between 1.6 and 4.0 mg/L and 27 samples in 3 runs in the concentration range between 0.7 and 1.6 mg/L, for a total of 40 individual native clinical samples. The concentrations of samples used were selected to bracket the CDC-American Heart Association medical decision points of 1 and 3 mg/L (14 ).
DATA ANALYSIS
We used SAS ® to perform the WLS/PR and CA analyses.
PRECISION
Regression approaches for evaluation of commutability require that methods have reasonable precision. Because we had results from 3 separate runs, we evaluated both within-run and among-run imprecision at each concentration of the PRM for each assay. From these averages we estimated the 95th and 99th percentile range limits of replicate results for each concentration. The range of values at each concentration for each method was compared with the appropriate limit. Any method with 2 within-or among-run ranges exceeding the 95% limit or with 1 range exceeding the 99% limit for a single dilution was flagged. Methods with 3 or more range flags were considered to have insufficient precision and were excluded from further analysis. The above process was repeated without the excluded participants to check for additional participants with unacceptable precision.
COMMUTABILITY
One problem with the use of statistically based techniques to evaluate methods with differing precision is that the most precise methods are at a disadvantage. The reason for this is that an average difference of a specified amount is more likely to be detected (i.e., be declared statistically significantly different) for a very precise method than for an imprecise method. Thus, for our commutability study we calculated the normalized residuals by use of a common SE rather than a method's actual SE (see Supplemental Data file for details).
We considered using linear regression methods such as Deming and Passing-Bablok. When we explored the data, however, we observed that 74 of 210 of the method pairs had nonlinear relationships. Thus we were not able to use linear regression to evaluate commutability in this study.
In the WLS/PR regression approach, we regressed the mean results for each of 40 native clinical samples from method Y onto those from method X. Because the procedure assumes all variance is reflected in the method represented on the ordinate, it was also necessary to perform regression of method X onto method Y. (See Supplemental Data file for details.) We calculated normalized residuals for PRM and its dilutions as follows: From the slope and intercept of each of the regressions for native clinical samples, we calculated the predicted value of PRM for the method represented on the ordinate from its measured result by using the method represented on the abscissa. We then calculated the absolute value of the difference between the predicted value for the method on the ordinate and the mean measured value for the method on the abscissa and divided this difference by the appropriate SE (See Supplemental Data file for details.) If any of the 4 normalized residuals computed for a pair of methods was Ͼ2 (approximate 5% statistical significance criteria) we considered the candidate reference material to be noncommutable.
CA was carried out by use of the CORRESP procedure in SAS and independently verified by the implementation described by Bretaudiere et al. (10 ) on an OpenVMS platform (Hewlett-Packard). CA is a multivariate clustering technique that generates unique 2 equations to describe the associations among studied variables (10, 12 ) . These equations are ranked according to the amount of association described, and the projections of the first 2 equations, plotted in 2 dimensions, usually describe Ͼ50% of the associations. The dimensions result from the analysis of the active elements (native clinical samples and routine methods) and represent the total variance accounted for within the plot. Values for the inactive elements (PRM and its dilutions) are superimposed on the plots of the active elements to interpret their positions relative to those of the active elements. If the inactive elements plot near the active elements, then the material is considered to have properties similar to the native clinical samples and thus be commutable.
We assumed that the values of the first 2 dimensions were bivariate normal, and as objective delineation of areas of commutability we computed 95% tolerance ellipses around the native clinical samples and around the assay methods. For native clinical samples, the ellipse around the native clinical samples should encompass approximately 95% of the dimension 1 and 2 values generated by the routine methods under consideration. Thus, if the PRM and its dilutions behave like native clinical samples they should fall inside this ellipse with probability 0.95. Similarly, the ellipse around the routine methods should encompass approximately 95% of the dimension 1 and 2 values associated with the routine methods under consideration. Thus, if a particular routine method behaves like other methods, it should fall inside this ellipse with probability 0.95. Several iterations of the analysis were performed by removing the analytical methods for which the PRM was suspected to be noncommutable. Analysis of the CA data provides information about the strength of the relationships between the routine methods as well as interpretations about how the inactive elements correlate to the primary dimensions.
HARMONIZATION
We used the routine methods for which PRM and its dilutions were commutable to evaluate the ability of PRM to harmonize results. We obtained a regression equation for each run for each method by using the measured results for the PRM and its dilutions as the dependent variable (y) and the target values based on dilution factors as the independent variable (x). The assigned value of CRM 470 is 39.2 mg/L. Thus, the target values for PRM and its 25%, 50%, and 75% dilutions were 3.92, 2.94, 1.96, and 0.98 mg/L, respectively. We then used that regression relationship and the native clinical sample results from the original routine method as y-axis values to calculate the harmonized results (x-axis values). Finally, we used a nested ANOVA to estimate the total CV (which included within-and among-run analytic and among-assay variances) and among-assay CV for the recalibrated (harmonized) results.
Results
The participant using method 17 did not perform dilutions of the PRM correctly; consequently the data from this participant could not be evaluated. Method 24 had among-run variances for the 75% and 50% dilutions of the PRM that were 62 and 14 times higher, respectively, than the average variance of the other methods for these same materials. Thus, including method 24 in the among-run imprecision evaluation resulted in such a large average among-run variance that no methods could be excluded, including method 24. Therefore we chose to exclude method 24. No other methods failed the among-run imprecision evaluation after methods 17 and 24 were excluded. We found that 7 methods (2, 3, 6, 20, 21, 22, and 23) had unacceptable within-run imprecision and eliminated them from the analysis. Thus data from 15 methods were analyzed further.
The normalized residuals for PRM obtained with the WLS/PR approach are shown in Table 1 . Of the 210 regressions performed, 136 were linear and 74 were quadratic. Normalized residuals for the 25%, 50%, and 75% dilutions of PRM for the WLS/PR approach can be found in the online Supplemental Data file. For PRM, there were 3 cases for which the normalized residual was Ն2; for the 25%, 50%, and 75% dilutions, there were 7, 16, and 14 cases for which the normalized residual was Ն2, respectively. All of these cases involved method 16. Using the WLS/PR approach, we would conclude that PRM was not commutable with native clinical samples for method 16.
The results of CA are shown in Figs. 1 and 2 . In Fig. 1 , which shows the projections of the 15 methods, dimensions 1 and 2 account for 56.3% and 27.8%, respectively, of associations between the active elements; the ellipses define the 95% tolerance limits of either specimens or analytical methods. The projections for the PRM and its dilutions are on the edge of the tolerance ellipse formed by the native clinical samples and showed a strong correlation (between 0.840 and 0.849 PRM, the 25% dilution, the 50% dilution, and the 75% dilution are represented by the open circles with 1, 2, 3, and 4, respectively. The area defined by the dotted boundary is the 95% tolerance ellipse for the methods; solid boundary is the 95% tolerance ellipse for the samples.
for PRM and the 3 dilutions) with the plane formed by these 2 dimensions. Method 16 was found to be outside the tolerance ellipse formed by the methods (Fig. 1) ; Fig. 2 shows the impact of removing method 16 from the analysis. In Fig. 2 , dimensions 1 and 2 account for 60.8% and 16.1%, respectively, of the associations among the active elements and the projections of the PRM and dilutions moved more into the center of the tolerance ellipse formed by the native clinical sample projections. This result suggests that PRM is not commutable with native clinical samples for method 16. An in-depth analysis of the CA results, with and without method 16, is provided in the Supplemental Data file.
The results of our evaluation of the ability of the PRM to harmonize results of the methods for which PRM was commutable with native clinical samples are PRM, the 25% dilution, the 50% dilution, and the 75% dilution are represented by the open circles with 1, 2, 3, and 4, respectively. The area defined by the dotted boundary is the 95% tolerance ellipse for the methods; solid boundary is the 95% tolerance ellipse for the samples.
shown in Figs. 3 and 4 , in which we compare the results of the ANOVA of the data before and after harmonization. Fig. 3 shows the total CV (which includes withinand among-run analytic and among-assay variances) for each sample, and Fig. 4 shows only the among-assay CV. The among-assay variation accounts for most of the total variation (92% of total before harmonization and 74% of total after harmonization). Harmonization using PRM generally reduced the total and amongassay CV, although the improvement was modest. We also calculated the difference between the original results and the predicted results that would be obtained after harmonization with PRM (a plot of these is shown in the Supplemental Data file). These differences estimate the amount of change necessary for each method to achieve optimum harmonization. The actual plotted differences indicate that for some assays the results tend to be higher after harmonization and for other assays the results tend to be lower after harmonization. We also found that 2 of the methods (1 and 5) had differences that appeared extreme compared to the other 13 methods. When we omitted these assays from the ANOVA, we found little change in variability between the original and harmonized results (not shown).
Discussion
Evaluation of commutability of a reference material with native clinical samples for a large number of routine methods is a formidable task. A panel of native clinical samples needs to be available with concentrations of the measurand that span the concentrations of the candidate reference materials being investigated. For hsCRP methods, the task was further complicated by the absence of a reference measurement procedure that required results for the native clinical panel and the PRM from each routine method to be compared to results for all other routine methods. Some investigators have selected one routine method as a comparison method, and compared results for the other methods only to that comparison method. That approach is incorrect, however, because it does not evaluate commutability relationships between all methods and can cause incorrect conclusions about the suitability of a reference material intended to be used as a common calibrator for all the routine methods.
The 2 approaches that we used in this investigation gave the same conclusions regarding commutability, i.e., that PRM was not commutable for method 16.
In the WLS/PR approach, normalized residuals were evaluated based on an acceptance criterion of Յ2 (consistent with a 5% statistical significance criterion) indicating equivalent relationships between methods for the native clinical samples and the PRM. WLS/PR accounts for nonconstant variance across the measurement range and does not require linear responses. Using normalized residuals calculated from the WLS/ PR, we found that all method combinations had commutable results between PRM and native clinical samples, except many combinations that included method 16. Method 16 was the only method that was common to all of the method pairs that had normalized residuals Ն2.
CA is not limited by linearity of the examined methods, requires no reference measurement procedure, and is a multivariate technique that evaluates all combinations in a single statistical procedure (11 ) . It is Solid line (f, solid squares), total CV before harmonization; dotted line (OE, solid triangles), total CV after harmonization. a useful descriptive technique that provides a "snapshot" of all the data in graphical plots. CA can also provide information about the relationships within the elements (e.g., native clinical sample group and method group). A disadvantage of CA is that it is often difficult to define unambiguous acceptance criteria. CA is best suited for qualitative assessment of conformity of candidate PRMs to the relationships among methods observed for native clinical samples. Fig. 1 , which shows the projections for PRM and its dilutions on the edge of the cluster of native clinical results, suggests some lack of commutability despite projections being within the rather large 95% tolerance ellipse. In agreement with the normalized residuals procedure, CA showed method 16 to be different from the projections for the other methods and outside the tolerance ellipse. When results from method 16 were removed from CA, the projections for the PRM and its dilutions moved toward the cluster of native clinical samples but remained near the edge of the cluster, suggesting less than ideal commutability, particularly if the objective is to use the PRM as a common calibrator for routine methods.
Although one native clinical sample was projected just outside the tolerance ellipse formed by the group of native clinical samples (see Fig. 2 ), we did not eliminate any native clinical samples from the analysis. It is important that commutability evaluations include as many native clinical samples as possible to ensure a robust evaluation of the reference material over the many types of samples encountered in clinical practice. Other than lipid measurements, we do not have additional information on the characteristics of the samples used in this study. To the best of our knowledge, the samples used were collected from ambulatory diseasefree individuals. A potential limitation of this study is a lack of samples from diseased individuals (4 ) .
The harmonization study provided recalculation of results from each method based on the responses of PRM and its dilutions used as common calibrators and showed a modest improvement in among-assay variation for the 14 assays for which PRM was commutable. A modest improvement is an expected outcome because according to the participating manufacturers all the methods in this evaluation were traceable to the CRM470 that was diluted to prepare the PRM. Modest improvement in harmonization on normalization of results to the common PRM suggested there may have been differences in traceability protocols and calibrator lot-to-lot specifications among manufacturers.
Concordant results for commutability of PRM based on diluted CRM470 with a panel of native clinical samples were obtained by use of the quantitative normalized residuals procedure and the qualitative CA procedure for 14 of 15 hsCRP methods examined. PRM and its dilutions, when used as common calibrators for these 14 methods, produced an improvement in harmonization among results for the native clinical samples. These results support the use of diluted CRM470 as the basis for calibration traceability for these hsCRP methods. The PRM and its dilutions were not commutable with native clinical samples for one method. Manufacturers of hsCRP methods need to carefully validate commutability of diluted CRM470 with native clinical samples before using the PRM as the basis for calibration traceability.
Unfortunately, poor precision among replicate results for the native clinical samples necessitated elimination of 8 methods from the commutability evaluation. Consequently, no information is available for assessment of the suitability of PRM for calibration of these methods or of whether their results would have changed the commutability conclusions for the other methods. However, the suitability of these 8 methods for clinical applications may be compromised by the poor precision.
